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I.  OBJECTIVES 

The  objectives  of  this  program  are  as  follows: 

A.  To  study  the  stress -corrosion  characteristics  of  l8^-nickel  maraging 
steel  with  respect  to  compositional  variation. 

B.  To  study  the  effect  of  environmental  temperature  on  the  rate  of 
stress-corrosion  cracking  in  three  alloys:  l8^-nickel  maraging  steel,  a  low- 
alloy  martensitic  steel,  and  a  hot-worked  die  steel. 

C.  To  study  the  electropotential  changes  occurring  in  l8^-nickel 
maraging  steel  during  stress-corrosion  exposure,  and  the  effect  of  applied 
potential. 

n.  DISCUSSION 

A.  IMPORTANCE  OF  MARAGING  STEELS 

The  maraging  ultra-high-strength  steels  have  attracted  considerable 
attention  in  the  aerospace  industry  since  their  introduction  in  1961.  The  use 
of  such  steels  appears  particularly  attractive  for  ultra-high-thrust  rocket  motor 
cases  where  large  dimensions  can  greatly  complicate  metal  fabrication  and  heat 
treacment.  In  such  applications,  maraging  steels  offer  a  number  of  advantages 
over  conventional  high-strength  alloys.  Most  important,  they  do  not  require 
the  quenching  and  tempering  treatments  that  are  characteristic  of  most  ultra- 
high-stre.’-gth  alloys.  Instead,  they  derive  their  high  strength  and  characteristic 
toughness  from,  a  simple  85O  to  900°F  maraging  heat  treatment.  In  addition, 
managing  steels  are  weldable,  with  weldment  properties  approaching  that  of  the 
parent  material. 

The  maraging  steel  drawing  foremost  attention  in  the  aerospace 
industry  today  is  the  alloy  having  a  nominal  composition  of  l8^  nickel,  8^ 
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cobalt,  and  molybdenum.  This  alloy,  referred  to  in  this  report  as  l8^- 
nickel  maraging  steel,  is  capable  of  attaining  useful  yield  strengths  in 
excess  of  500,000  psi  with  exceptional  ductility  and  toughness. 

Before  any  alloy  can  be  considered  for  rocket  motor  case  applica¬ 
tions,  it  must  be  demonstrated  that  the  alloy  has  adequate  resistance  to 
stress -corrosion  cracking  under  the  conditions  of  its  application.  In  fact, 
stress-corrosion  cracking  is  the  primary  cause  of  premature  failure  of  apparently 
metallurgically  sound  motor  cases  during  hydrostatic  testing  and  (to  a  lesser 
degree)  in  storage. 

The  present  1-year  program,  which  constitutes  the  subject  matter  of 
this  report,  is  part  of  a  2-year  study  of  the  stress-corrosion  behavior  of 
maraging  steels.  The  first  year's  effort  was  largely  concerned  with  determina¬ 
tion  of  some  basic  environmental  and  material  parameters  which  effect  stress- 
corrosion  cracking  in  l8%-nickel  and  20^-nickel  maraging  steels.  The  second 
year's  program  involved  the  determination  of  the  effects  of  compositional  varia¬ 
tion  and  environmental  temperature  on  stress-corrosion  cracking  of  l8^-nickel 
maraging  steel  as  compared  with  a  low-alloy  martensitic  steel  and  a  hot-worked 
die  steel. 

B.  STRESS -CORROSION  CRACKING  THEORY 

Stress-corrosion  cracking  can  be  responsible  for  the  sudden  catas¬ 
trophic  failure  of  an  alloy  with  otherwise  excellent  mechanical  properties  at 
stresses  far  below  the  material's  yield  strength.  Such  failures  are  induced  by 
exposure  of  the  alloy  to  specific  environments  while  subjected  to  sustained 
stresses . 

Although  many  theories  of  stress-corrosion  cracking  have  been  proposed, 
there  are  two  principal  mechanisms  of  interest:  the  continuous  electrochemical 
process,  and  the  alternate  electrocheirdcal-mechanical  process.  In  the  purely 
=lectrochemical  process,  crack  propagation  occurs  by  continuous  anodic  attack 
:r  the  metal  at  the  crack  front;  the  second  process  proposes  that  a  period  of 
slow  electrochemical  attack  alternates  with  fast  mechanical  fracture,  leading  to 
altiiriate  failure. 
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1.  Electrocheinical  Mechanism 

The  electrochemical  theory  of  stress  corrosion  was  first  pro¬ 
posed  in  1940  by  Dix  (Reference  l).  This  theory  states  that  the  simultaneous 
action  of  the  following  three  conditions  will  cause  a  metal  to  fail  by  stress 
corrosion: 

a.  A  susceptibility  to  corrosion  along  continuous  paths 
through  the  internal  structure  of  the  metal. 

b.  A  corrosive  environment  making  patns  of  susceptibility 
ar  jdic  to  the  matrix  of  che  metal. 

c.  Applied  or  residual  tensile  stresses  acting  to  puli  the 
metal  apart  along  these  paths. 

Cracking  occurs  in  this  case  by  selective  electrochemical 
corrosion,  with  the  tensile  stresses  acting  to  open  fresh  anodic  sites.  The 
above  theory  is  directly  applicable  to  intergranular  cracking  such  as  occurs 
in  some  aluminum  alloys.  The  theory  was  subsequently  extended  to  include  trans- 
granular  cracking  (Reference  2).  In  the  case  of  transgranular  '.racking,  the 
continuous  paths  are  formed  by  slip  planes  and  planes  of  precipitated  constituents. 
Justification  for  this  hypothesized  mechanism  is  the  measured  increase  in 
chemical  activity  along  slip  planes  of  plastically  deformed  crystals  (Reference 

5). 

In  other  proposed  electrochemical  mechanisms  it  is  stated  that 
a  prior  existing  path  is  not  required.  Uhlig  (Reference  4)  states  that  paths 
are  continuously  being  formed  due  to  plastic  deformation  at  the  tip  of  the 
advancing  crack.  He  states  that  dislocation  loops  form  zones  in  which  inter¬ 
stitial  elements  sui^..  as  nitrogen  and  carbon  can  deposit,  forming  cathodic  sites. 
The  mechanism  may  also  account  for  the  random  branching  paths  observed  in  photo¬ 
micrographs  of  stress-corrosion  cracks. 

A  third  electrical  mechanism  that  is  not  as  well  accepted  as 
those  cited  above  involves  strain-induced  transformation  at  the  tip  of  the 
advancing  crack,  the  transformed  structure  being  anodic  to  the  remainder  of  the 
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metal.  In  mild  steel,  the  transformed  product  is  thought  to  he  iron  nitride 
(Reference  5)j  in  austenitic  stainless  steel,  the  transformed  product  is  thought 
to  he  martensite. 

A  fourth  electrochemical  mechanism  is  based  on  film  rupture 
(References  6  and  7)*  The  suggested  sequence  of  events  is  as  follows: 

Electrochemical  corrosion  first  causes  grooves  or 
notches  to  form  on  some  portion  of  the  stressed  surface. 

After  some  initiation  period,  the  stresses  at  the  tip 
of  3  notch  become  high  enough  to  cause  rupture  of  the 
naturally  formed  protective  film. 

Cracking  proceeds  because  stress-induced  film  rupture 
causes  anodic  depolarization  and  dissolution  of  metal 
at  the  crack  tip. 

2.  Mechanical  Mechanisms 

In  each  of  the  above  mechanisms,  the  cracking  proceeds  by 
electrochemical  dissolution  of  material.  There  have  been  other  investigations 
which  indicate  that  cracking  was  preceded,  at  least  in  part,  by  mechanical 
fracture . 

Nielsen  (Reference  8),  in  a  study  of  oxides  found  in  stress- 
corrosion  cracks  in  stainless  steel,  states  that  formation  of  these  oxides  exerts 
sufficient  lateral  force  to  cause  mechanical  fracture  at  the  root  of  the  crack. 

Edeleanu  (Reference  9)  and  Keating  (Reference  lO)  state  that 
cracking  proceeds  by  mechanical  action  with  corrosion  acting  only  to  initiate 
the  fracture.  Microscopic  studies  by  Edeleanu  on  migrating  fractures  indicate 
that  crack  propagation  progresses  by  intermittent  brittle  fractures. 

Although  there  is  evidence  both  for  and  against  the  proposed 
mechanical  and  electrochemical  modes  of  failure,  there  are  two  features  of 
stress-corrosion  cracking  that  are  characteristic  of  any  stress-corrosion  process 

a.  Cracks  are  formed  under  the  combined  action  of  stress 
and  corrosion.  They  are  not  produced  by  the  consecutive  action  of  these  agents. 
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b.  The  corrosive  media  which  cause  stress-corrosion  cracking 
are  very  specific  for  a  given  alloy  and  are  not  necessarily  related  to  purely 
chemical  corrosivity  of  the  alloy  in  the  particular  medium.  In  these  two 
respects,  stress-corrosion  differs  from  fracture  due  to  l^drogen  embrittlement. 

III.  TEST  MEiTHODS 

A.  TEST  SEECDfflNS 

!•  Bent  Beam  Tests 

The  bent-beam  test  was  the  primary  method  used  in  this  program. 
Figure  1  shows  an  insulated  bent-beam  fixture  with  test  samples  mounted.  Poly¬ 
carbonate  blocks,  7*000  jJD.002  in.  apart,  attached  to  a  stainless-steel  holder 
support  the  test  specimen  and  insulate  it  from  the  holder.  Specimens  were 
machined  to  exact  lengths  to  produce  a  maximum  calculated  outer-fiber  stress 
that  amounts  to  75^^  of  the  mean  0.2^  offset  yield  strength.  These  length  calcu¬ 
lations  are  based  on  data  supplied  by  the  Research  and  Technology  Division  of  the 
U.S.  Steel  Corporation.  Figure  2  shows  a  representative  plot  of  the  stress-length 
relationships  employed.  These  relationships  were  obtained  by  computer  from 
U.S.  Steel  Co.  formulas  that  resulted  from  a  theoretically  exact  large -deflect! on 
analysis. 

A  four-point  loading  device  was  used  to  mount  the  specimens 
on  the  holder.  The  use  of  a  four-point  loading  device  in  this  pre-stressing 
operation  eliminates  possible  local  plastic  deformation  which  can  occur  if  the 
customary  three-point  loading  method  is  used.  Samples  that  were  thus  loaded 
into  fixtures  by  the  improved  method  and  later  released  showed  no  measurable 
residual  distortion,  indicating  that  the  yield  strength  of  the  inate--ial  had  not 
been  exceeded  during  stressing. 

Because  of  its  simplicity,  the  bent-beam  test  lends  itself  well 
to  the  testing  of  a  large  number  of  specimens.  A  stress  gradient  is  obtained 
along  the  specimen  length  with  the  maximum  calculated  stress  approached  at  the 
longitudinal  center. 
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2.  U-Bend  Tests 

U-bend  samples  were  used  to  show  the  effect  of  elastic  stresses 
on  stress -corrosion  susceptibility.  Figure  5  shows  a  typical  U-bend  sample  t>ent 
around  a  1-in.  radius.  Samples  were  bent  after  heat  treatment  by  use  of  a  special 
guide  fixture. 

5*  Center-Notched  Test 

The  specimen  configuration  used  in  the  center-notch  test  is 
shown  in  Figure  U.  It  consists  of  a  l-jA  8-in.  tensile  specimen  containing 
a  central  notch,  produced  in  a  two-step  process.  In  the  first  phase,  a  0.06  by 
0.57  in.  slot  is  elox-machined  and  then  extended  at  each  end  by  very  narrow 
elox-machined  notches  of  0.001-in.  root  radii.  In  the  second  phase,  these  notches 
are  further  extended  by  means  of  fatigue  cycling  to  produce  fatigue  cracks  of 
controlled  dimensions. 

The  center-notched  specimens  are  stress-corrosion  tested  in 
Baldwin  creep-test  machines  (Figure  5)*  Dead-weight  loading  is  applied  to  a 
20:1  lever  arm  to  give  a  K  value  at  the  crack  tip  of  75^^  of  the  value.  The 
test  solution  is  applied  in  a  plastic  cup  cemented  to  the  specimen  in  the  notched 
area  before  loading.  An  automatic  timing  device  was  used  to  record  failure  time. 

When  a  specimen  of  this  type  is  stressed,  the  elastic  field 
parameter  K  (in  ksi  ~\J  ±n.)  at  the  tip  of  the  crack  is  represented  by 

1/2 

K  =  0-  (W  tar  |) 

where 

W  =  specimen  width  (in.) 

A  =  one-half  of  the  total  crack  length  (in.) 

cr  =  nominal  stress  (ksi). 

Simultaneously,  the  crack  extension  force  (O^)  may  be  defined 

as  follows: 
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where 

E  =  material's  elastic  modulus 

K  =  critical  values  of  K  at  which  cra^k  propagation  occurs  in  rapid 

^  tensile  testing 

From  these  relationships,  the  fracture  toughness  of  the  test 
materials  was  determined,  using  the  center-notched  specimens  described  above. 

B.  TEST  ENVIRONMENTS 

The  test  environments  used  were:  (l)  aerated  distilled  water,  (2) 
aerated  NaCl  solution,  and  (5)  a  high-humidity  atmosphere,  consisting  of 
water-saturated  air  at  l40°F.  The  pH  of  both  the  distilled  water  and  the  5^^ 
salt  solution  was  7.0.  Continuous  aeration  of  baths  was  maintained  with  filtered 
air  throughout  the  test  duration  in  order  to  keep  the  environment  constant 
with  respect  to  oxygen.  Control  tests  exposed  to  laboratory  air  were  maintained 
at  TO  to  78°F  in  a  hiimidity  range  of  35  to  50^t.  No  stress-corrosion  failures 
have  yet  been  encountered  in  the  laboratory  air,  even  with  the  most  susceptible 
alloys . 

Distilled  water  tests  were  conducted  at  both  120  +0.l'^F  and 
160  +0.1°F,  in  addition  to  ambient  temperature  tests  to  determine  the  effect 
of  temperature.  All  baths  were  changed  every  10  days. 

C.  TEST  MATERIAIfi 

To  study  the  effects  of  compositional  variation  on  stress-corrosion 
susceptibility  of  l8^-nickel  maraging  steel,  four  different  heats  of  material 
were  evaluated.  These  heats,  when  taken  in  conjunction  with  the  heats  previously 
tested  in  the  earlier  part  of  the  maraging-steel  program,  were  selected  to 
represent  the  compositional  range  of  commercial  production  for  this  alloy. 
Materials  were  obtained  from  three  suppliers:  Republic  Steel  Corp.,  Vanadium 
Alloys  Corp.,  and  Latrobe  Steel  Corp. 

Table  1  shows  the  composition  of  all  materials  studied.  They  include 
five  heats  of  maraging  steel  from  the  previous  year's  program  and  four  heats  from 
the  present  program.  The  titanium  content  for  these  heats  ranged  from  0.23  to 
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with  yield  strengths  ranging  from  181.5  to  252.5  psi.  Heat  treatments 
and  mechanical  properties  are  shown  in  Table  2.  In  addition  to  these  materials, 
two  alloys  representing  a  hot-worked  die  steel  and  a  low-alloy  martensitic 
steel  were  tested  to  obtain  comparison  data.  The  various  heat  treatments  and 
mechanical  properties  obtained  for  these  alloys  are  also  shown  in  Table  2. 

D.  SPECIMEN  PREPARATION 

The  edges  of  all  maraging-steel  specimens  were  milled  and  the 
surfaces  were  vapor  blasted  using  400-mesh  alumina  powder  after  heat  treatment. 
Chemical  cleaning  to  remove  heat  treat  scale  was  avoided  to  eliminate  the 
possibility  of  chemical  embrittlement.  The  alloy  steel  and  the  hot-worked  die 
steel  specimens  were  surface-ground  0.007-in.  per  side  after  final  heat  treat¬ 
ment  to  remove  any  de carburization  that  might  be  present. 

For  the  evaluation  of  protective  coatings,  three  coating  systems 
were  tested:  a  polyurethane  system  designated  as  X-500,  an  inorganic  zinc 
system  designated  as  No.  11,  and  an  inhibited  epoxy  system  designed  as  454-1-1. 
These  systems  arc  commercially  available.  The  coatings  were  applied  by  simple 
spray-on  technique  and  cured  at  room  temperature.  Each  coating  was  applied  to 
beam- type  specimens,  cured,  and  the  specimens  then  deflected  to  75^  of  yield 
strength.  Immersion  tests  were  conducted  in  two  media:  a  5^  NaCl  solution,  and 
l40  F  water-saturated  air.  Uncoated  control  specimens  were  also  immersed  for 
comparison. 

IV.  TEST  RESULTS 

A.  EFFECT  OF  COMPOSITION  AND  STRENGTH  LEVEL 

A  total  of  nine  heats  of  l8^-nickel  managing  steel  were  tested.  The 
only  compositional  constituent  showing  wide  variation  in  these  heats  was  titanium 
(see  Table  l) .  This  element  was  intended  to  be  the  compositional  variable  because 
'ts  pronounced  effect  upon  the  mechanical  properties  of  the  alloy  permits  the 
““ainment  of  a  wide  range  of  yield  strengths  (see  Table  2).  The  titanium 
jom.position  of  the  heats  varied  from  0.25^  to  1.40^,  with  accompanying  yield 
strengths  varying  from  l8l>.5  to  525*5  ksi. 
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Results  of  the  bent-beam  and  U-bend  exposure  tests  are  shown  in 
Tables  5  and  4.  It  is  noted,  first,  that  all  materials  showed  some  failures, 
including  the  Republic  Heat  39^0523,  which  had  the  lowest  titanium  content 
(0.23^)  and  the  lowest  yield  strength  (18I.5  ksi).  In  general,  stress -corrosion 
susceptibility  of  l8^-nickel  managing  steel  increased  with  titanium  content 
and  strength  level.  For  example,  consider  &he  bent-beam  tests  in  the  l40°F 
high-humidity  air  environment  where  there  was  stressing  to  75?^  of  yield 
strength.  In  these  tests,  the  median  failure  time  for  the  above-mentioned 
low  yield-strength  material  (18I.5  ksi  yield)  was  I56O  hours,  whereas  the 
highest  strength  material  tested  (323*3  ksi  yield)  had  a  median  failure  time 
of  72  hours. 

Figure  6  shows  a  graph  of  yield  strength  vs  mean  failure  time  for 
beam  specimens  in  distilled  water.  The  shorter  failure  times  are  obtained  for 
the  lower  yield  strength  materials,  and  this  applies  to  both  maraging  steel 
and  to  the  conventional  low-alloy  steel  and  hot-worked  die  steel  evaluated. 

Figure  6  also  shows  that  at  a  given  strength  level,  185^-nickel  maraging  steel 
is  less  susceptible  to  failure  than  are  the  conventional  high-strength  steels. 

Failure  times  shown  in  Table  4  for  U-bend  specimens  indicate  that  the 
U-bend  is  a  more  severe  test  than  the  bent  beam.  Likewise,  a  comi)arison  of 
iistillea  water  exposures  with  5^  NaCl  exposure  generally  indicates  that  dis¬ 
tilled  water  is  the  more  severe  medium  for  inducing  stress -corrosion  failure 
in  18^-nickel  maraging  steel. 

B..  EIT/IRONMENTAL  TEMPERATURE 

The  effect  of  environmental  temperature  on  stress-corrosion  cracking 
of  18^0-nickel  maraging  steel  was  determined  using  bent-beam  and  U-bend  specimens 
in  controlled  distilled  water  environments  at  ambient  temperature,  at  120°F, 
ani  at  l60°F .  The  temperature  effect  was  shown  to  markedly  increase  the  stress 
■  "'^rosion  susceptibility  of  the  alloy.  The  effect  for  U-bend  specimens,  as 
c-  ■'  '-raphically  in  Figure,  ,  indicates  a  decrease  in  failure  time  of  about  50^ 
it.„  -en  18^  increase  in  temperature.  The  conventional  high-strength  steels 
teste;  for  comparison,  while  showing  a  higher  susceptibility  to  failure  at  room 
-"■afire,  nevertheless  showed  little  or  no  increase  in  susceptibility  for 
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U-bend  specimens  as  the  temperature  was  raised  from  'JO  to  l60°F.  This  tempera¬ 
ture  effect  was  also  borne  out  with  bent-beam  specimens  of  maraging  steel, 
although  failure  times  were  considerably  longer.  The  conventional  steels  again 
showed  a  higher  susceptibility  to  failure  than  the  maraging  steel,  and  failure 
time  decreased  with  temperature. 

C .  CENTER-NOT'CHED  SPECIMEN  TESTS 

It  is  generally  believed  that  stress-corrosion  cracking  is  a  two- 
step  process  in  which  first  a  micro-notch  must  be  formed  by  chemical  means 
during  an  "incubative  period"  of  stressed  exposure  to  the  environment.  This 
step  is  then  followed  by  a  period  of  crack  propagation  which  eventually  results 
in  fracture.  The  use  of  pre-notched  test  specimens  for  stress-corrosion  testing 
supplies  the  initial  notch  (if  it  is  sufficiently  fine)  from  which  crack  propa¬ 
gation  can  take  place.  The  resistance  of  an  alloy  to  stress-corrosion  cracking 
in  the  presence  of  a  pre-notch  is  therefore  of  special  interest.  In  service 
application^,  some  materials  may  have  a  pre-existing  flaw  or  micro-crack  which 
constitutes  sr.ch  a  notch.  The  material's  stress-corrosion  resistance  in  such  a 
case  would  be  quite  different  from  that  which  is  determined  by  using  unnotched 
test  specimens.. 

Testing  was  performed  in  this  program  using  the  center-notched  speci¬ 
men  configuration  shown  in  Figure  3-  The  environment  was  applied  to  the  specimen 
specifically  in  the  notched  area.  Tables  6  and  7  show  the  results  of  these 
tests.  In  Table  6,  the  pH  of  a  5^-calt  solution  was  varied  from  3  to  11  in 
separate  tests.  The  effect  of  making  the  solution  more  alkaline  is  shown  to 
increase  failure  time  foi  the  maraging  steels.  The  Republic  alloy,  RMS  200, 
shows  the  best  resistance  at  all  pH  levels  with  no  failures  after  100-120  hours 
of  exposure.  Increased  alkalinity  of  the  solution  haa  an  especially  marked 
effect  in  reducing  susceptibility  to  stress-corrosion  cracking  for  Vascoraax  300 
and  250  alloys.;  For  example,  with  Vascomax  3OO,  changing  the  pH  of  solution 
from  3  to  11  increased  the  failure  time  from7"3to  83.7  hours.  The  same  pH 
change  with  Vascomax  2^0  altered  the  failure  time  from  29*6  hours  to  no  failure 
after  1^0  hours.  For  Ladish  Doac  alloy,  the  change  in  pH  had  little  effect  on 
failure  times,  whicn  w.;re  generally  shorter  than  for  the  maraging  steels.  Overall 
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failure  times  for  all  materials  using  center-notched  specimens  were  shorter 
than  for  bent-beam  specimens  by  at  least  a  factor  of  10.  However,  the  general 
relationship  still  holds  that  stress-corrosion  cracking  susceptibility  increases 
with  yield  strength. 

Table  7  shows  the  effect  of  stress  level  on  stress-corrosion  cracking 
with  the  use  of  center-notched  specimens.  An  increase  in  failure  time  is 
indicated  as  the  stress  level  is  decreased.  For  Ladish  ]D6ac  material,  the 
varying  susceptibility  of  the  alloy  for  different  tempering  temperatures  is 
shown.  The  exceptionally  short  stress-corrosion  failure  times  for  the  B-1 
iiiaterial  (600°F  temper)  emphasizes  the  importance  of  considering  stress-corrosion 
susceptibility  of  an  alloy  with  a  given  heat  treatment  when  judging  its  useful 
strength. 

D.  ELECTROPOTENTIAL  MEASUREMENTS 

The  electropotential  study  of  stress-corrosion  cracking  of  l8^-nickel 
inaraging  steel  had  two  basic  objectives:  (l)  to  determine  the  effect  of  applied 
tensile  stress  on  crack-tip  corrosion  potential,  and  (2)  to  determine  the  effect 
of  applied  potential  on  stress -corrosion  cracking  time. 

A  center-notched  tensile  specimen  of  the  type  shown  in  Figure  U  was 
used  in  the  applied  stress  experiment  with  the  setup  as  shown  in  Figure  8.  The 
specimen,  an  iS/o-nickel  inaraging  steel  sample  with  250-ksi  yield  strength  (Heat 
5960^2),  vas  exposed  to  a  .^^-NaCl  solution.  A  capillary  tube,  containing  KCl 
solution  in  a  gel,  was  used  in  this  setup  to  contact  the  crack  tip  of  the 
specimen,  ana  lead  to  a  calomel  electrode.  As  the  applied  stress  on  the  speci¬ 
men  was  increased,  voltage  recordings  were  made  to  give,  the  applied  stress  vs 
crack-tip  corrosion  potential  relationships  shown  in  Figure  9*  This  graph 
indicates  that  application  of  stress  by  incremental  loading  of  the  specimen 
causes  a  potential  shift  at  the  crack  tip  toward  the  cathodic  side.  If  the 
stress-corrosion  process  is  indeed  electrochemical  in  nature,  as  has  been  fre¬ 
quently  postulated,  then  the  magnitude  of  such  a  shift  would  be  expected  to 
materially  affect  fail.ure  time.  In  fact,  if  the  potential  shift  caused  by  the 
increased  stress  -  rather  than  the  stress  itself  -  is  the  overriding  factor 
in  stress-corrosion  cracking,  then  it  should  be  possible  by  applying  an  external 
potential  to  the  stressed  specimen,  to  alter  the  failure  time. 
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This  theory  was  investigated  in  a  second  experiment  to  determine 
whether  applied  potential  would  affect  failure  time.  Figure  10  shows  the  test 
setup  for  this  portion  of  the  program.  A  Duffers  potentiosbat  is  utilized  to 
control  the  potential  of  a  U-bend  specimen  to  a  predetermined  value.  The 
following  data  were  developed  when  U-bend  specimens  of  Heat  07868  were  exposed 
to  a  5^-NaCl  solution: 


Volts  to 

Saturated  Calomel  Cell 

Current  Density 
(ma/in.^) 

Failure  Time 
(hours) 

-0.95 

-3.6 

2.1 

-0.66 

-2.0 

168  NF 

-0.36 

-0.4 

2.1 

None  (control) 

None 

2.5 

It  is  seen  that  by  applying  the  proper  amount  of  cathodic  current, 
stress -corrosion  cracking  of  l8^-nickel  managing  steel  can  be  prevented.  The 
current  required  to  prevent  failure  is  quite  specific,  and  when  it  is  increased 
over  the  critical  value,  the  failure  time  is  the  same  as  with  no  current  at  all. 
These  results  afford  strong  evidence  for  an  electrochemical  mechanism  of  stress- 
corrosion  cracking.  It  could  be  postulated  that  the  specific  current  density 
which  prevents  stress-corrosion  cracking  is  the  one  which  makes  the  electrical 
potential  of  the  "anodic  path"  (potential  crack  path  in  the  mauerial)  and  the 
surrounding  metal  matrix  the  same.  There  is,  however,  additional  evidence  thar 
the  electrochemical  mechanism  does  not  represent  the  complete  picture.  The 
failure  of  specimens  in  distilled  water  (which  does  not  conduct  a  current  to  any 
appreciable  extent)  is  difficult  to  explain  on  these  grounds. 

E.  PROTECTr.i:  COATINGS 

It  was  desired  in  the  present  program  to  evaluate  the  effectiveness 
and  applicability  of  surface  protection  for  preventing  stress-corrosion  cracking 
of  l8^-nickel  managing  steel.  Three  coating  systems  which  had  been  effective  in 
preventing  stress-corrosion  cracking  of  H-11  steel  in  the  first  year's  program 
V7ere  evaluated  for  use  with  managing  steel 
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Each  of  the  three  coating  systems  offers  a  different  means  of 
protecting  the  base  metal.  The  polyurethane  coating  forms  a  dense  barrier 
between  the  environment  and  the  metal.  The  inorganic  zinc  coating  serves  to 
provide  cathodic  protection  for  the  base  metal,  and  the  inhibited  epoxy  coating 
protects  the  metal  by  inhibitory  action  of  chromate  compounds  as  well  as  by 
forming  a  barrier  against  the  environment. 

Table  5  shows  the  results  of  these  tests.  When  applied  to  H-11 
steel  (heat-treated  to  a  stress-corrosion  susceptible  condition),  the  inhibited 
epoxy  coating  (No.  454-1-1)  showed  excellent  protective  ability  in  preventing 
failure  in  a  3^-salt  solution  after  3IOO  horn's  of  exposure.  With  the  poly¬ 
urethane  system  X-5OO,  the  steel  failed  in  I38O  hours.  With  the  Zinc-11  coating, 
failure  occurred  in  687  hours.  The  base  metal  failed  under  the  same  conditions 
in  1.5  hours,  when  no  coating  was  applied. 

When  applied  to  l8^-nickel  managing  steel,  the  inhibited  epoxy 
coating  again  showed  no  failures  -  in  this  case  after  4990  hours  of  exposure. 

The  polyurethane  system  was  also  very  effective  with  4488  hours  of  exposure 
before  failure  occurred  in  one  specimen.  Two  other  specimens  did  not  fail  in 
4990  hours.  The  inorganic  zinc  coating  prevented  base-metal  failure  for  only 
288  hours.  The  uncoated  base  metal  (l8^-nickel  managing  steel)  had  a  median 
failure  time  of  II9  hours. 

The  same  coating  systems  were  also  tested  in  l40°F  water-saturated 
air.  The  inhibited  epoxy  coating  again  showed  excellent  protective  ability  on 
both  H-11  steel  and  on  managing  steel,  although  results  were  not  quite  as  im¬ 
pressive  as  for  the  salt -solution  exposure.  The  polyurethane  coating  again 
appeared  promising,  while  the  zinc  coating  was  very  poor,  especially  on  maraging 
steel  where  acceleration  of  bare-metal  failure  time  was  actually  obtained. 

Figures  11  to  23  represent  a  series  of  macrographs,  micrographs, 
and  electron  microscope  fractographs  of  typical  grain  structures  and  crack 
patterns  associated  with  stress-corrosion  failures  in  l8^-nickel  managing  steel 
and  H-11  steel  samples.  The  descriptions  of  the  views  taken  are  shown  below 
the  photographs-  The  mode  of  craclong  uas  Intergranular. 
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V. 


SUMMARY  AND  CONCLUSIONS 


Based  on  results  obtained  in  the  second  year’s  program  to  investigate  the 
stress-coribsion  susceptibility  of  l8^-nickel  maraging  steel,  the  following 
conclusions  lean  be  drawn: 

A.  'susceptibility  to  stress -corrosion  failure  ifi^^ound  in  all  l8^- 
nickel  alloy  heats  having  yield  strengths  from  I8I.5  to  252.2  ksi.  Suscepti- 
"bility  beGoms  greater  -with  increasing  titanium  content  and  yield  strength. 

At  a  given  strength  level,  l8^-nickel  maraging  steel  ^  less  sus¬ 
ceptible  to  failure  than  Ifs^^-ll  steel  or  a  hot-worked  die  steel.  '  Cold  working 
of  18^-nickel  maraging  steel  before  aging  further  reduce*^  its  susceptibility  to 
stress-corrosion  failure. 

CJ  Distilled  water  a  more  severe  exposure  medium  than  5^-salt  water 
in  causing  corrosion  cracking,  and  the  U-bend  test  more  severe  than  the 
bent-beam  test  -  at  least  with  regard  to  l8^-nickel  maraging  steel. 


V 


id 


D.'  The  18^-nickel  maraging  steel  shows  a  marked  increase  in  suscepti¬ 
bility  to  stress -corrosion  cracking  with  an  increase  in  environmental  tempei^ature ^ 
By  compiirlnnn, 

a-  hi-ghea^  .ms  ~  f q  j  j  — tthttHTTP*" 

in  susce'^^Tbility  with-  tetflperatu^^’riWt* 


'd«sw?r-'teerease 


An  inhibited  epoxy  coating  designated  as  454-1-1  was  very  effective 
in  greatly  delaying  stress-corrosion  cracking  both  of  maraging  steels  and  of 
H-11  steel.  An  inorganic  zinc  coating  designed  to  impart  cathodic  protection 
was  found  to  be  ineffective. 

ry 

F.  An  electrochemical  mechanism  for  failure  of  maragjng  steel  in  5*"NaCl 

I 

solution  hae  bo^  demonstraied  by  the  preventing  of  stress-corrosion  failure  upon 
application  of  cathodic  current . 

i 

^ ”  S%r ess  .'corrosion  ■■8uscg^ti*b'H.4t.y'"  of-'maj?eigMag~-8^e±*-iT[gyggggsr  OTtR” 

acidity- €Wid- decrease^  with  alkaliniVy  of  the  exposure  solution. 
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TABLE  6 

EFFECT  OF  pH  VARIATION  ON  STRESS -CORROSION  CRACKING 
(Center-Notched  Specimens  Exposed  to  3?t-Salt  Solution) 


Table  2 

Notched  Tensile  Strength 

Failure  Time 

Material 

Code 

(psi) 

pH 

(Hours) 

Vascomax  ^>00 

N 

180,000 

5 

T.5 

N 

180,000 

5 

45.4 

N 

180,000 

9 

52.9 

N 

180,000 

11 

85.7 

Republic  EMS  200 

K 

191,000 

5 

100  (nf)** 

K 

191,000 

5 

110  (nf) 

K 

191,000 

9 

118  (nf) 

K 

191,000 

11 

120  (nf) 

Vascomax  250 

L 

205,500 

5 

29.6 

L 

205,500 

5 

51.8 

L 

205,500 

9 

90.1 

L 

205,500 

11 

i4o  (nf) 

Marvac  l8 

M 

396,400 

5 

26.7 

M 

196,400 

5 

55.8 

M 

196,400 

9 

46.9 

M 

196,400 

11 

55-9 

La  dish  D6ac. 

B-h 

196,800 

5 

42.0 

B-4 

196, 800 

5 

60.9 

B-4 

196,800 

9 

44.5 

B-h 

196, 800 

11 

44.6 

*  V 

Stress  =  75^  of  Notched  Tensile  Strength 
NF  =  No  Failure- 
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TABLE 


EFFECT  OF  STRESS  LEVEL  ON  STRESS -CORROSION  CRACKING 
(Center-Notched  Specimens  Exposed  to  3?^  Salt  Solution) 


Material 


Republic  RMS  200 


Table  2  Stress  Level  -  Percent  of 

Code  Notched  Tensile  Strength 


Marvac  l8 


Vaccomax  250 


Vascoraax  300 


Ladish  Doac 


Failure  Time 
(Hours) 


**NF  =  No  Failure 


K 

75 

50.0  (nf) 

65 

94.5  (nf) 

65 

15.9  (NF) 

M 

75 

12.2 

75 

20.0 

65 

58.7 

55 

50.5 

50 

55-7  (NF) 

L 

75 

29.0 

75 

29.9 

65 

65.9 

65 

20.6 

55 

80.5 

50 

81.5 

N 

75 

20.2 

75 

33. k 

55 

46.9 

50 

45.4 

50 

55.7  (NF) 

B-4 

85 

22.0 

70 

75-8 

70 

50.7  (nf) 

B-3 

75 

1.4 

75 

1.1 

57 

4.1 

30 

5.5 

25 

8.5 

25 

9.1 

20 

9.4 

B-2 

75 

61.8  min 

32.5  min 

75 

54.6  rain 

75 

28.2  min 

57 

2.8  hours 

18 

2.5  hours 

12 

53*5  hours 

12 

71.1  hours 

B-1 

75 

4.2  min 

57 

2.6  hours 

18 

72.0  hours 

except  where 

otherwise  specified. 

■/ 
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Figure  5 


U-Bend  Test  Specimen 
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Center-Notched  Specimen  Configuration 
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Stress -Corrosion  Test  Setup  for  Center-Notched  Specimens 


Figure  5 
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> 


Mean  failure  time,  ( hours ) 


AERATED  DISTILLED  WATER  -  BENT  BEAM  TESTS 


Failure  time,  (hours) 
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Grain  Size  Variations  Encountered  in  l8^  Nickel  I4i.raging  Steels 


(Top)  Heat  476  ( 
Etchant:  %  chromic  acid,  electrolytic 
Magnification:  500X 


(Bottom)  Heat  3960523 


Figure  11 
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Typical  Stress-Corrosion  Crack  in  18'^  Nickel  Managing 

Heat  5960523 

Etchant :  Dilute  marbles 

]yfagnification;  liK30X 

Figure  12 
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Typical  Stress-Corrosion  Cracks  in  Conventional  High-Strength  Steels 
(Top)  Low  alloy  steel  Heat  W-25217 
(Bottom)  Hot  worked  die  steel  Heat  0791^ 

Etchant;  HCl  picral 
Magnification;  500X 


Figure  l4 
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Vertical  Section  of  Failed  Annealed -and -Aged  iBjS*- 
Nickel  Managing  Steel  Specimen  Showing  Inter¬ 
granular  Cracks.  Marbles  Etch  (250X) 


Same  Sample  as  Above  (2000X) 


Phol-omicrographs  of  Stress-Corrosion  Cracks  in  l8^-Nickel  Managing  Steel 


Figure  15 


0 


Stirface  of  Cold-Worked-and-Aged  iS^Nickel  Iferaging  Steel  After  lO-Days  at  l40°F 
in  High  Hxamldity  Stress  Corrosion  Test.  Siirface  has  been  Wire-Brushed.  (Approx.  2X) 


Cross -Section  of  Above  Samnle  Showing  Possible  Cracking  Along  Slip  Planes.  (lOX) 


Figure  l6 


Stress-Corrosion-Crack  Pattern  in  16'^-Nickel  Managing  Steel 
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View  of  Siirface  in  Ligjitly  Cracfced  Area  Showing  Pitting  Attack  (lOOX) 


I 
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General  Structure  in  Interior  of  Highly  Cracked  Area. 
Etchant  ■  10^  Ammoniuai  rer3ulpiiate-electvDlytic.  (500X) 

Hiotomicrographs  of  Stress-Corrosion  Cracking  in  l8^-Hickel  Itiraging  Steel 


Figure  17 
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Uncoated  H-11  Steel,  Railed  in 
.5  Hovirs  in  Aerated  3^  Salt  Water 


20^-Nickel  Iferaging  Steel  (Group  H-lj, 
Railed  in  1  Hour  in  O.25^t-Sodium- 
Dichromate  Solution 


18^-Wickel  Jferaging  S^eel  (Group  1-3), 
Railed  in  626  Hours  in  Aerated 
Distilled  Water 


l8'5t-l,lekel  I'fe.raging  Steel  (Group  I-l), 
Railed  in  100  Hours  in  0.2^'j> 
Sodium  Di chromate  Solution 


Pigure  18 
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Location  of  Electron-Microscope  Practographs 
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Electron-Microscope  Fractograph  (2)  of  l8%  Nickel  Managing 


Electron -Microscope  Fractograph  (5)  of  Nickel  Maraging 


